We study the correlation between chemical composition and vortex dynamics in Ni-doped CaK(Fe1−xNix)4As4 (x=0, 0.015, 0.025, 0.03, and 0.05) single crystals by performing measurements of the critical current densities Jc and the flux creep rates S. The magnetic relaxation of all the crystals is well described by the collective creep theory. The samples display a glassy exponent μ within the predictions for vortex bundles in a weak pinning scenario and relatively small characteristic pinning energy (U0<100K). The undoped crystals display modest Jc values at low temperatures and high magnetic fields applied along the c axis. Jc(T) dependences at high fields display an unusual peak. The enhancement in Jc(T) matches with an increase in U0 and the appearance of a second peak in the magnetization. As Ni doping increases, whereas there is a monotonic decrease in Tc there is a nonmonotonic change in Jc. Initially Jc increases, reaching a maximum value for x=0.015, and then Jc decreases for x≥0.025. This change in Jc(x) is coincident with the onset of antiferromagnetic order. The magnetic field dependence of Jc(H) also manifests a change in behavior between these x values. The analysis of the vortex dynamics for small and intermediate magnetic fields shows a gradual evolution in the glassy exponent μ with Ni content, x. This implies that there is no appreciable change in the mechanism that determines the vortex relaxation.
I. INTRODUCTION
The critical current densities J c in type-II superconductors depend on a complex interplay of individual pinning centers, the interaction between vortices, and thermal fluctuations [1, 2] . The discovery of iron-based superconductors (Fe-SCs) has allowed for an expansion of the knowledge about the influence of intrinsic superconductor parameters on the resulting vortex dynamics [3, 4] . The different families of Fe-SCs display superconducting transition temperatures T c up to 56 K [5] [6] [7] . These materials usually exhibit strong interplay between superconductivity and magnetism [8] . The electronic properties depend on doping (substitutional disorder) and are also affected by pressure [5] [6] [7] [9] [10] [11] . Vortex dynamics in Fe-SCs is usually well described by the collective creep theory [12] [13] [14] . The sources of flux pinning include random point defects [15] , precipitates [16] , planar defects [17] , and correlated disorder such as twin boundaries [18] . Notwithstanding the coexistence between superconductivity and magnetism usually present in many Fe-SCs [19] [20] [21] , its influence on the resulting vortex dynamics has been little explored.
Current-carrying capacity is a relevant parameter which determines the range of applications of new superconducting materials. Single crystals are the starting point to evaluate vortex pinning mechanisms. Temperature T and magnetic field H dependences of J c in any superconductor depend on the type and density of pinning centers. The J c (H ) dependences in Fe-SCs usually display several regimes as a consequence of a pinning landscape with random point disorder and a low density of large defects [15] . Depending on the disorder at the nanoscale, the J c (H ) curves may decrease monotonically or display a second peak in the magnetization (SPM) or fishtail [12] [13] [14] . On the other hand, because of thermally activated vortex motion, J c data usually decrease with temperature. An exception to that has been recently observed in CaKFe 4 As 4 single crystals [16, 17, 22, 23] . For instance, as a consequence of smoother J c (H ) dependences, the J c value for μ 0 H = 5 T at 20 K is higher than that observed at 10 K. This unusual behavior has been related to the presence of planar CaFe 2 As 2 intergrowths [16] .
CaKFe 4 As 4 is a member of the so-called 1144 family AeAFe 4 As 4 (Ae = Ca, Sr, Eu, and A = K, Rb, Cs). CaKFe 4 As 4 has a tetragonal structure (P4/mmm), where Ca and K layers stack alternatively across the Fe 2 As 2 layer along the c axis [24] . The undoped compound is a multiband superconductor with T c ≈ 35 K with no other identified phase transition (magnetic or structural) [24] [25] [26] . Under pressure, T c is suppressed and then superconductivity disappears at p 4 GPa due to a structural phase transition into a halfcollapsed tetragonal state [27] . The extrapolated upper critical field at zero temperature for CaKFe 4 As 4 is ≈70 T with a coherence length ξ GL (0) ≈ 1.4 nm [25] . The anisotropy parameter γ = H ⊥c c2 / H //c c2 for H applied perpendicular and parallel to the c axis increases, with the temperature being 1.5 at 25 K and 2.5 near T c [26] . The penetration depth estimated using muon-spin rotation is λ(0) = 208 (4) nm [28] . Although no substitutional disorder is expected, low-temperature scanning tunneling microscope (LT-STM) data reveal the presence of locations with suppression of the superconducting order parameter [29] . Gradual suppression of the T c and the emergence of magnetic order take place via Co or Ni substitution onto the Fe site [30, 31] . As shown in Fig. 1(b) , coexistence of superconductivity and antiferromagnetism (AFM) appears for adequate doping [21] . Moreover, the Ni/Co addition should modify the vortex pinning landscape by introducing disorder due to chemical substitution.
In this work, we analyze the influence of the Ni doping on the vortex dynamics of CaK(Fe 1−x Ni x ) 4 As 4 single crystals (x = 0, 0.015, 0.025, 0.03, and 0.05) by performing magnetization measurements. We systematically study the influence of the Ni addition on the J c (T, H) dependences. The vortex dynamics are analyzed in the framework of the collective creep theory [32] . We measure the flux creep rate S = − δlnJ c / δlnt as a function of the temperature and the magnetic field. The effective barrier height for flux creep rates and glassy exponent μ are analyzed by the extended Maley method [33] .
II. EXPERIMENTAL
Single crystals of Ni-doped CaKFe 4 As 4 were grown out of a high-temperature solution rich in transition metals and arsenic, similar to the procedure used for the pure compound [26, 30, 34] . The study is performed using CaK(Fe 1−x Ni x ) 4 As 4 single crystals with T c = 35 K (x = 0), 31.1 K (x = 0.015), 25 K (x = 0.025), 20.5 K (x = 0.03), and 10.1 K (x = 0.05).
The single crystals exhibit a platelike morphology with the c axis perpendicular to the plane of the plate. The samples used were roughly rectangular plates with length l, width w, and thickness d. The magnetization (M) measurements were performed using a superconducting quantum interference device (SQUID) magnetometer. The thicknesses d were calculated using the area (l × w) and the superconductor volume and Meissner slopes with H//ab considering the proper demagnetization factor. The volume and the mass of all the studied single crystals agree with the density determined from lattice parameters, 5.22 g/cm 3 [24] . The J c values were calculated from the magnetization data using the appropriate geometrical factor in the Bean model [35, 36] . For H||c, J c = 20 M w[1−w/(3l )] , where M is the difference in magnetization M (emu/cm 3 ) between the top and bottom branches of the hysteresis loop. The creep measurements M(t) were recorded over a time greater than 60 min. The magnetization of the sample holder was measured and subtracted from the data by averaging the initial points of the time relaxation for the lower and upper magnetic branches. The initial time was adjusted considering the best correlation factor in the slope of S = − δlnJ c / δlnt . The initial critical state for each creep measurement was generated using H ∼ 4H p , where H p is the field for full flux penetration, estimated as H p = J c d / 2 [37] . Figure 1 (a) shows the temperature dependence of the normalized magnetization [M (T) /M (5 K)] for the studied single crystals. The measurements were performed with H // c axis under zero-field cooling (ZFC) with an applied magnetic field of 0.5 mT. The T c value decreases systematically from 35 K for the undoped single crystal to ≈10.1 K for CaK(Fe 0.95 Ni 0.05 ) 4 As 4 (see Table I ). Figure 1 (b) shows a schematic x-T phase diagram for CaK(Fe 1−x Ni x ) 4 As 4 and the corresponding position of the studied samples [30] . The single crystals with x > 0.02 display coexistence of superconductivity and AFM order [21, 30, 31] . Figure 2 shows the J c (H ) dependences at different temperatures for each chemical composition obtained from the hysteresis loops (see Appendix). The curves are plotted on loglog scales. Partial data at 1.8 K are shown due to flux jumps.
III. RESULTS AND DISCUSSION
The J c (H ) dependences display a low field saturation followed by a power-law regime, followed by a local maximum associated with a second peak in the magnetization (SPM). The latter becomes very weak at x = 0.05. The power law is related to a low density of strong pinning centers and the SPM to random point disorder [15] . The (J c /J 0 ) ratio is a parameter that determines the strength of the pinning potential (with J 0 = cH c /3 √ 6πλ ≈ 170 MA cm −2 , H c the thermodynamic critical field, and c the speed of light) [32] . The undoped crystal displays a self-field of J s f c (1.8 K) ≈ 2.4 MA cm −2 and (J c /J 0 ) ≈ 0.014. The low fraction of J 0 is similar to that found in single crystals of other Fe-SCs [38, 39] . Depending on the magnetic field strength, several regimes of the J c (H ) behavior are observed [see Fig. 2 
that could be associated with the single-vortex regime (SVR) but that is also strongly affected by the self-field; (II) a powerlaw dependence J c ∝ H −α related to strong pinning centers; (III) a third regime (at the end of the power law) related to random disorder with J c (H ) ≈ constant or a SPM; and (iv) a high-field regime which is characterized by a fast drop in J c (H ) and is usually related to a crossover from elastic to plastic relaxation of the vortex lattice [12] . As is usual, if the temperature increases, the in-field position at the maximum of the SPM decreases.
At first glance, there is a qualitative difference between the undoped and the doped samples related to regime III. The undoped crystals display an unusual maximum at J c (T ) at intermediate temperatures [see Fig. 2 (a)] [16, 17, 22, 23] . The effect 064524-3 disappears for Ni-doped samples. In fact, the J c (H ) curves are similar to those reported in other systems such as Codoped BaFe 2 As 2 [40, 41] and Ba 1−x K x Fe 2 As 2 [42, 43] . However, unlike these Fe-SCs, the pinning in CaK(Fe 1−x Ni x ) 4 As 4 cannot be related to orthorhombic structural domains [40, 42] . Figure 2 (f) (left axis) shows a summary of J s f c and J 4T c at 5 K. Although the data correspond to different T /T c values, it is useful to analyze the influence of the Ni addition on the J c values at low and high magnetic fields. The results show that small Ni addition improves J c in the whole range of magnetic fields, indicating that the disorder produced by chemical inhomogeneities enhances vortex pinning. The J s f c (x) displays a maximum value of 2.8 MA cm −2 at x = 0.015 that systematically drops at larger doping. To rule out any effect related to the thickness (d) in the J s f c enhancement, we also measure a thinner undoped crystal (see Table I ) [44] . Although J s f
It should be noted that both J c (x) and α(x) data [shown in Fig. 2 (f)] show a clear change in behavior between x = 0.015 and 0.025, i.e., a clear change in behavior as the sample develops an AFM ordered ground state that coexists with a competing superconducting state. J c (x) for self-field shows a discontinuous break with a clear maximum on the low-x side (x = 0.015). J c (x) for μ 0 H = 4 T also has a maximum value for x = 0.015. Whereas similar behavior was found for Codoped BaFe 2 As 2 [40] , in the case of Ni-doped CaKFe 4 As 4 , structural domains associated with a low-temperature, orthorhombic structure are absent. If indeed the local maximum in J c is associated with onset of hedgehog-spin vortex crystal AFM order [30, 31] , then this implies that AFM domains, not structural ones, are playing a key role. This change in pinning may also be responsible for the more gradual decrease in α in the antiferromagnetic state. The J 4T
c (x) curve shows a broad maximum spanning from x ≈ 0.015 to 0.03. The observed value of J 4T c (5 K ) ≈ 0.27 MA cm −2 for the undoped crystal increases to 0.7−0.5 MA cm −2 for x = 0.015−0.03. The influence of the Ni addition on the pinning at high magnetic fields is also evident from the reduction of the J s f c /J 4T c ratio. The analysis of the different vortex pinning regimes as a function of Ni doping is presented below.
Regimes (I) and (II) have been described by strong pinning produced by normal inclusions [15] . Regime (I) corresponds to the SVR and is limited by vortex-vortex interactions at B * [see Fig. 2(b) ]. However, experimentally the singlevortex pinning is overlapped by self-field effects (B * ≈ J c × thickness), making its analysis difficult [45] . In addition to the changes in the absolute J c values, the additional disorder at the nanoscale, produced by Ni substitution, modifies the powerlaw dependence J c ∝ H −α . The α values decrease systematically from ≈0.68 to ≈0.40 as the Ni doping increases [see right axis in Fig. 2 (f) and Table I ]. As we mentioned above, the α values go towards values smaller than 0.5, changing more gradually when AFM and superconductivity coexist. A gradual reduction in the α value is usually observed in superconductors as the disorder in the nanoscale increases by adding random point defects [46] . It is important to note that although there is a peak in J c (T ) at high magnetic fields, the α values in the undoped crystals remain at a fairly constant increasing temperature. To understand the origin of the pinning in the undoped sample, it is necessary to consider LT-STM data [29] . The vortex pinning to magnetic fields up 8 T at 0.8 K is produced by defects with a size comparable to ξ . From a geometrical point of view, the crossover from strong to weak pinning occurs when √ 2ξ (T ) > r d (with r d the radius of the defect) [32] . Moreover, the pinning can be affected by a reduction in the ξ value when the magnetic field is increased [29] .
The J c (H ) dependence at the power law produced by a random distribution of nanoparticles has been theoretically predicted as [47] 
where n i is the density of the pinning particles, D is their diameter (assuming that they are spherical), ε the anisotropy parameter, and . As we mentioned earlier, the undoped crystal displays modest J c values at low temperatures and high magnetic fields. Moreover, J c (H ) ≈ constant is expected for temperatures below 20 K [23] . The simplest possibility is that regimes I and II are due to a sparse distribution of strong defects, and regime III is due to a denser collection of random point disorder [15] . The disorder caused by Ni substitution at the nanoscale favors the presence of the SPM. The latter is in agreement with the fact that in systems such as YBa 2 Cu 3 O 7−δ [48] and Ba(Fe 1−x Co x ) 2 As 2 [14] , the SPM is suppressed when the local chemical and electronic uniformity increase by thermal annealing. Regime III with J c (H ) ≈ constant can be analyzed in terms of the collective pinning by random point disorder as described by the Larkin-Ovchinnikov theory [49] .
The theory of weak collective flux pinning predicts several regimes that depend on the vortex-vortex and vortex-defect interactions. In the SVR, the vortex-vortex interaction is negligible compared to the vortex-defect interaction. When the magnetic field is raised, vortex-vortex interactions become dominant, and the vortices are collectively trapped as bundles. The critical current density at the SVR is magnetic field independent and expected to follow
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where n d is point defect density, and D v is the radius of the defects [47] . In the SVR the small-scale displacements of neighboring vortices are independent. The crossover at B cr occurs when the longitudinal displacement correlation length [L c c = γ −1 ξ (J 0 /J c ) 1/2 ] is larger than the vortex lattice parameter [a 0 = 1.07( 0 /B) 1/2 ]. For the undoped sample, if we used J c III regime (5 K) ≈ 0.27 MA cm −2 , ξ (0) = 1.4 nm [26] , γ ≈ 1 [50] , and J 0 ≈ 170 MA cm −2 , we theoretically estimate B cr (5 K) ≈ 3.5 T. Although the prediction is qualitatively correct, this value is 1 order of magnitude smaller than the experimental observations with J c (H ) ≈ constant at high magnetic fields (>15 T) in Ref. [23] . This fact suggests that other sources of pinning contribute to regime III. Indeed, pinning induced by temperature due to planar CaFe 2 As 2 inclusions do not modify the α exponent but enhance J c .
An understanding of the different pinning exhibited by the CaK(Fe 1−x Ni x ) 4 As 4 single crystals is gained from J c (T ) dependences. As we mentioned previously, undoped crystals display a peak at intermediate temperatures in the J c (T ) dependences when μ 0 H > 1 T [see Fig. 3(a) ]. This unusual feature is not present in Ni-doped crystals [see Fig. 3(c) ]. In addition to the peak at high magnetic fields and temperatures higher than 7 K, the J c (T/T c ) at μ 0 H = 0.3 T (mostly regime II) for the undoped crystal is smoother than for the doped ones. On the other hand, the curves at μ 0 H = 3 T (mostly regime III) show that although J c increases with temperature, the absolute values below T c /2 for the undoped crystal are systematically smaller than those observed for x up to 0.03. Thus, the unusual peak in J c (T ) at high fields may be related to a weak pinning scenario in which the temperature induces new pinning centers or an increment in the size of the existent ones [see Eq. (2)]. However, as we mentioned earlier, it has also been associated with pinning provided by CaFe 2 As 2 inclusions [16] . The effect is not evidenced in Ni-doped samples because the chemical substitution improves the vortex pinning and masks little changes in the pinning landscape. It is important to note that the J c (T ) values in Fig. 3(a) are approximately 4 times smaller than those reported in Ref. [23] for ≈ 2.6-μm-thick CaKFe 4 As 4 single crystals, indicating that the vortex pinning is affected by the thickness.
To analyze in more detail the J c (H, T) dependences, we measured the relaxation of persistent currents as a function of time. Fe-SCs usually display a giant flux creep rate that is well described by the collective pinning theory [32] . The pinning energy depends on the pinning potential and the elastic deformation of the vortices. At low temperatures, the vortices are essentially frozen into their distorted configuration. As the temperature increases, the pinning strength decreases as a consequence of the thermal fluctuations of the vortex line. The effective activation energy as a function of current density J is given by
where U 0 is the collective pinning barrier in the absence of a driving force and μ is the regime-dependent glassy exponent [32] . For elastic creep μ > 0 and for plastic creep μ < 0 [51] . The model of the nucleation of vortex loops predicts for random point defects μ equal to 1/7, 3/2 or 5/2, and 
where t is the time and t 0 is an effective hopping attempt time. Equation (4) describes well the presence of a thermally activated Anderson-Kim mechanism at low temperatures (S ≈ T /U 0 ) and a plateau in S (T) in the limit of U 0 μT ln( t t 0 ). Although theoretical models provide a small set of discreet μ values (constant for each regime), experimental studies usually present a gradual evolution of μ from small to large bundles values as H is increased [52] . The glassy exponents μ can be obtained from S (T) data using the extended Maley method [33] . Approximating the current density decays as be experimentally obtained by U eff = −T [ln| dJ dt | − C] (with C = ln(J c /τ ) a constant factor). To maintain "piecewise" continuity at high T, U eff is divided by a thermal factor G (T) 1 [53] . In the following the flux creep data and analysis of the glassy exponents will be presented. The summary of μ and U 0 is presented in Table II . Fig. 2(b) . The data is obtained using C = 13. The gradual reduction in the S values as the field increases suggests an increment in the glassy exponent μ [52, 54] . At temperatures near T c , the flux creep rates start to be faster as a consequence of change from elastic to plastic relaxation [12] . values with temperature and fields may be related to changes in the glassy exponent µ. In systems such as YBa 2 Cu 3 O 7 its value evolves from ≈1/7 (theoretical prediction for SVR) to ≈3/2 at the SPM maximum (theoretical prediction for small bundles) [52, 54] .
The x increases from 0.015 to 0.03. The evolution of μ (x) at the same field may be related to different scales in H/H c2 and a gradual crossover from values predicted for SVR (1/7) and small bundles (3/2) [52, 54] values displayed for all the samples over the whole range of temperature. Moreover, we observed that U 0 decreases as the field increases, indicating that the changes in the absolute S values with magnetic fields at low temperatures are mainly related to changes in μ [see Eq. (4)]. For the undoped crystals, due to the similarity in the S (T) dependences, the glassy exponents μ and U 0 are expected to be of the same order than in Ni-doped samples. The main differences may be related to both the small coherence length ξ and the absence of extended pinning centers. Slight modifications in the pinning landscape of the undoped crystals improve the pinning, as is evidenced in the peak at the J c (T ) dependences. Small Ni addition 064524-8 increases the disorder, masking small variations in the pinning landscape with temperature. Nevertheless, the Maley analysis indicates that U 0 at regime III also changes for the doped samples. Considering that planar CaFe 2 As 2 intergrowths are over the entire range of chemical compositions [16] , their contribution to the vortex pinning is stronger for undoped crystals.
Finally, it is important to mention that, as is evidenced from Figs. 2(a) and 2(b) , the J c values in the undoped crystals may be significantly enhanced by adding pinning centers. One of the most effective methods to improve pinning in superconductors with short ξ is particle irradiation [4] . Depending on the mass and energy of the ions and for an adequate dose, U 0 in Fe-SCs may increase from tens of Kelvins to 300-500 K [4, 14] . The value J s f c (5 K) ≈ 1.7 − 2 MA cm −2 in CaKFe 4 As 4 is similar that found in single crystals of YBa 2 Cu 3 O 7−d (≈2 MA cm −2 [55] ) and Ba 0.6 K 0.4 Fe 2 As 2 (≈2 MA cm −2 [56] ). Moreover, the value duplicates the typically observed in optimal doped Ba(Fe, Co) 2 As 2 [14] . As was previously noticed, CaKFe 4 As 4 single crystals display high anisotropy in the pinning properties due to planar defects [16, 17, 23] . The presence of CaFe 2 As 2 intergrowths considerably improves J c for H//ab [16, 17] . Furthermore, comparison with previously reported data in thinner single crystals suggests that the pinning mechanisms are strongly affected by thickness [23] . 
IV. CONCLUSION
We have performed magnetic measurements on single crystals of CaK(Fe 1−x Ni x ) 4 As 4 (x ≈ 0, 0.015, 0.025, 0.03, and 0.05). The J c (H ) dependences usually display a powerlaw regime followed by a SPM. The magnetic relaxation of all the crystals is well described by the collective creep theory. The samples display the glassy exponent μ within predictions for vortex bundles in a weak pinning scenario and relatively small characteristic pinning energy (U 0 < 100 K). Comparatively, the undoped crystals display low J c values at high magnetic fields and low temperatures. Small Ni doping improves the vortex pinning and enhances J c in the whole range of magnetic fields. The self-field J c shows a discontinuous break to smaller values as the samples develop an AFM ordered ground state that coexists with a competing superconducting state. Moreover, the magnetic field dependences of J c at intermediate values are more gradual as Ni doping increases. These changes are smoother for x > 0.015, suggesting that AFM domains affect the vortex pinning. The undoped crystal displays an unusual peak in J c (T ) at high fields. The enhancement in J c (T ) matches with an unexpected increase in U 0 and the appearance of a SPM. Ni doping induces a SPM in the J c (H ) dependences for the whole range of temperature. The analysis of the vortex dynamics for small and intermediate magnetic fields shows a gradual evolution in the glassy exponent μ with Ni content x. This implies that there is no appreciable change in the mechanism that determines the vortex relaxation for Ni-doped samples with and without magnetic order. The large J c values observed in the undoped crystal, even for low chemical disorder, suggest that they can be significantly enhanced by adding pinning centers.
